Plant cell wall (CW) synthesizing enzymes can be divided into the glycan (i.e. cellulose and callose) synthases, which are multimembrane spanning proteins located at the plasma membrane, and the glycosyltransferases (GTs), which are Golgi localized single membrane spanning proteins, believed to participate in the synthesis of hemicellulose, pectin, mannans, and various glycoproteins. At the Carbohydrate-Active enZYmes (CAZy) database where e.g. glucoside hydrolases and GTs are classified into gene families primarily based on amino acid sequence similarities, 415 Arabidopsis GTs have been classified. Although much is known with regard to composition and fine structures of the plant CW, only a handful of CW biosynthetic GT genes-all classified in the CAZy system-have been characterized. In an effort to identify CW GTs that have not yet been classified in the CAZy database, a simple bioinformatics approach was adopted. First, the entire Arabidopsis proteome was run through the Transmembrane Hidden Markov Model 2.0 server and proteins containing one or, more rarely, two transmembrane domains within the N-terminal 150 amino acids were collected. Second, these sequences were submitted to the SUPERFAMILY prediction server, and sequences that were predicted to belong to the superfamilies NDP-sugartransferase, UDP-glycosyltransferase/glucogen-phosphorylase, carbohydrate-binding domain, Gal-binding domain, or Rossman fold were collected, yielding a total of 191 sequences. Fifty-two accessions already classified in CAZy were discarded. The resulting 139 sequences were then analyzed using the Three-Dimensional-Position-Specific Scoring Matrix and mGenTHREADER servers, and 27 sequences with similarity to either the GT-A or the GT-B fold were obtained. Proof of concept of the present approach has to some extent been provided by our recent demonstration that two members of this pool of 27 non-CAZy-classified putative GTs are xylosyltransferases involved in synthesis of pectin rhamnogalacturonan II
The plant cell wall (CW) consists of four major polysaccharide components, namely cellulose, callose, hemicellulose, and pectin. CW synthesis/formation can be divided into three major steps. (1) Initially, the various building blocks in the form of activated glycosyl residues (NDP-sugars) are synthesized via two different pathways-the nucleotide interconversion pathway or the salvage pathway (for overview, see Carpita, 1996) . The synthesis of the NDP-sugars may occur in the cytosol and/or the Golgi apparatus depending on the type of NDP-sugar synthesized (Mohnen, 1999) . (2) The synthesized nucleotide sugars are then assembled into higher-order polysaccharide structures. Apart from cellulose and callose, biosynthesis of CW polysaccharides occurs in the endomembrane system (Bolwell and Northcote, 1983; Zhang and Staehelin, 1992; Sherrier and VandenBosch, 1994) , from which the polysaccharides are secreted into the wall where they undergo further modifications (Fry, 1995) . (3) The final step, which constitutes the assembly of the various polysaccharide structures into the wall, remains in large part a mystery. However, self-assembly of wall components most likely plays a role (for discussion of a possible mechanism, see MacDougal et al., 1997) , and both enzymatic and nonenzymatic mechanisms as well as arabinogalactan proteins and other wall structural proteins (Cosgrove, 1997) participate in the complex process.
The noncellulosic polymers hemicellulose and pectin are synthesized by glycosyltransferases (GTs) presumably located in the different compartments of the Golgi apparatus. These GTs are believed to be type II membrane-bound proteins with the catalytic domain (C-terminal) facing the lumen of the Golgi apparatus (Ridley et al., 2001; Sterling et al., 2001; Geshi et al., 2004) .
Although the GTs, for which the three-dimensional (3D) structures have been resolved, exhibit insignificant or at the best very low sequence similarity, they adopt one of the following folds at the 3D-structure level: the GT-A (SpsA and SpsA-like) fold or the GT-B (B-GT and B-GT-like) fold (Bourne and Henrissat, 2001; Hu and Walker, 2002; Coutinho et al., 2003; Wimmerova et al., 2003) .
The Carbohydrate-Active enZYme (CAZy; http:// afmb.cnrs-mrs.fr/CAZY/) database is a versatile and comprehensive database of sequence-based carbohydrate enzymes, where e.g. glucoside hydrolases and GTs are classified into families primarily based on amino acid sequence similarities . Within a given family, the 3D structure is conserved, i.e. the same 3D fold is expected to occur in each family (Coutinho et al., 2003) .
Although composition of the major CW polysaccharides is reasonably well described (Carpita et al., 2001) , only a handful of the biosynthetic genes have been identified. All of the seven known GTs, i.e. with proven or putative function in mannan (Edwards et al., 1999) , hemicellulose (Perrin et al., 1999; Faik et al., 2002; Madson et al., 2003) , and pectin synthesis (Bouton et al., 2002; Iwai et al., 2002; J. Sterling and D. Mohnen, personal communication) , are classified in the CAZy database. In this study, we have set up an alternative bioinformatics scheme aimed at identifying CW GTs with a predicted type II membrane topology, which are not classified in the CAZy database. Using this alternative approach, 27 non-CAZy classified accessions with a predicted N-terminal transmembrane domain (TMD) typical of type II membrane proteins and that were predicted to adopt the GT-A or the GT-B fold were identified.
RESULTS
In an effort to obtain GTs with a type II membrane protein topology, which have not been classified in the CAZy database, the following simple bioinformatics approach was adopted (for overview, see Fig. 1 ).
First, using the Transmembrane Hidden Markov Model (TMHMM) 2.0 prediction server, the entire Arabidopsis proteome (26,095 proteins) was scanned for the presence of transmembrane helices, yielding a total of 5,977 sequences with any number of predicted transmembrane helices. Within this pool, potential type II membrane proteins with either one or, in rare cases, two (derived from the predicted transmembrane helix and a hydrophobic signal peptide) predicted TMDs, which resided within the first 150 amino acids from the N terminus, were identified and extracted, yielding a total of 2,248 and 363 accessions, respectively.
The 2,248 plus 363 sequences were then submitted to the SUPERFAMILY prediction server, and 191 sequences predicted, indiscriminately of E-value, to belong to the superfamilies NDP-sugartransferase (54), UDP-glycosyltransferase/glucogen-phosphorylase (33), Gal-binding domain (23), carbohydrate-binding domain (6), or the GT-B-similar Rossman fold (75) were collected. The 191 sequences were then blasted against the CAZy database (September 10, 2003), and sequences found in the CAZy database were removed from the dataset, leaving a total of 139 sequences (24, 25, 12, 5 , and 73 from the 5 superfamilies, respectively), which were not classified in the CAZy database. The 139 sequences were then run through the mGenTHREADER and 3D-PositionSpecific Scoring Matrix (3D-PSSM) servers, respectively. A local set of protein IDs (Protein Data Bank [PDB]) of proteins, whose 3D structures have been resolved and which adopt either the GT-A or the GT-B fold (Table I; references for the PDB IDs can be retrieved at http:// www.RCSB.ORG/), and resolved 3D structures derived from the CAZy database GT families were used to validate the output from each of the two servers. Twentyseven of the 139 sequences (Table II) displayed similarity to one or more of the entries in Table I , i.e. the proteins predicted to adopt either the GT-A or the GT-B fold. Recently, two highly identical accessions (Q9ZSJ2 and Q9ZSJ0; Table II ; Fig. 2B ) were shown to be CW-specific xylosyltransferases (J. Egelund, B.L. Petersen, A. Faik, M.S. Motawia, C.E. Olsen, T. Ishii, H. Clausen, P. Ulvskov, and N. Geshi, unpublished data), corroborating that the adopted bioinformatics strategy identifies GTs related to CW biosynthesis.
Filtering of the Arabidopsis Proteome
Choice of servers, strategies applied, and theoretical and practical considerations of the filtering process are described sequentially below. Table I . List of PDB IDs used to screen the result of the secondary structure prediction servers mGenTHREADER and 3D-PSSM The PDB IDs were obtained from Wimmerova et al. (2003; lowercase) as well as manually from the CAZy database. GT families (uppercase; only one PDB ID per family). Origins and functions of the enzymes were obtained from the PDB (http://www.pdb.mdc-berlin.de/pdb/; Berman et al., 2000 In two comparative tests, TMHMM 2.0 (Krogh et al., 2001 ) was found to be the best of the tested prediction servers measured as having the lowest fraction of the sum of false positives and false negatives within the total number of the experimentally assigned transmembrane helices (TMH) segments ([false positives 1 false negatives]/no. of TMH) used in the tests (Schwacke et al., 2003; Zhou and Zhou, 2003) . TMHMM 2.0 was chosen as the initial filter because of its reliable and somewhat conservative prediction strategy and because this server supports batch submissions of up to 4,000 accessions.
Filters II and III: Identification of Accessions in GT-Containing Superfamilies
The SUPERFAMILY database server was chosen as the next filter because this facility incorporates an alternative approach to the seed-based PSI-blast approach used in the CAZy database classification scheme and supports batch submissions of up to 20 accessions. The SUPERFAMILY database contains a library of hidden Markov models (HMMs) representing all proteins of known structure (Gough et al., 2001; Gough and Chothia, 2002) . The SUPERFAMILY facility is based on the Structural Classification of Proteins (SCOP) protein domain classification database, which in turn is based on multiple sequence alignments designed to represent a protein family in a structural domain-based hierarchical classification scheme with several levels, including the superfamily level (Murzin et al., 1995) .
Filter IV: Identification of Putative GTs within GT-Containing Superfamilies mGenTHREADER is based upon a multilayered neural network that was trained to combine sequence alignment score, length information, and energy potentials with PSI-BLAST searches, which have been jumpstarted with structural alignment profiles from Fold Secondary Structure Prediction, PSI-BLAST profile, and predicted secondary structure (PSIPRED), predicted secondary structure, and bidirectional scor- ing in order to calculate the final alignment score (Jones, 1999; McGuffin and Jones, 2003) .
3D-PSSM constitutes a method for protein fold recognition using one-dimensional (1D) and 3D sequence profiles coupled with secondary structure and solvation potential information (Kelley et al., 2000) .
The output of the sequence-based SUPERFAMILY server was evaluated by the sophisticated mGen-THREADER (multilayered neural network) and the 3D-PSSM servers, which by operating at the fold level in addition to 1D sequence information incorporates 3D structural information, solvation potential, etc. (see also above). The difference in the number of accessions pre-filter IV and post-filter IV (139 and 27, respectively) indicate that a major fraction of the 139 accessions, predicted by the SUPERFAMILY server to belong to polysaccharide or CW relevant superfamilies, were most likely non-GT proteins, as e.g. evidenced by accessions containing an unusually high number of Pro and Ser residues (.50% of the total amino acid residues) or by proteins with an estimated molecular mass ,20 kD. The 139 non-CAZy classified accessions resulting from the SUPERFAMILY filtering and BLAST searches against the local CAZy database are available as supplemental data (available at www.plantphysiol.org).
Elimination of False, For Example, Non-GT, Hits
The ability of the filtering process to eliminate accessions that encode enzymes that do have NDPsugars as substrate but are non-GTs were examined by applying the sequential filtering procedure to two quite different proteins: (1) a putative membranebound Arabidopsis protein involved in synthesis of UDP-D-Xyl that in plants is incorporated in glycoproteins and CW polysaccharides, including xyloglucan (XG), and (2) an Escherichia coli protein catalyzing the epimerization of UDP-N-acetyl-D-glucosamine to UDP-N-acetyl-D-mannosamine involved in bacterial lipopolysaccharide biosynthesis. The Arabidopsis UDPglucuronic acid decarboxylase (ATUXS2, At3g62830) is predicted to adopt a typical type II membrane protein topology and thought to be located in the Golgi apparatus (Harper and Bar-Peled, 2002) . When used as a negative control, ATUXS2 passes filter II-III (Rossman fold, non-CAZy entry) but fails to pass filter IV, i.e. ATUXS2 do not adopt a GT-A or a GT-B fold structure. Furthermore, a DxD motive (as described below) is not found in ATUXS2. Whereas the E. coli UDP-N-acetyl-Dglucosamine 2-epimerase (Kiino et al. 1993 ; P27828) as expected do not adopt a typical type II membrane protein structure when run through the TMHMM version 2.0 server (Filter I), it is predicted to belong to the UDP-glycosyltransferase/glycogen phosphorylase superfamily by the SUPERFAMILY prediction server and is predicted to adopt a GT-B fold by mGen-THREADER. However, a DxD motif as described below is not found.
When the six known plant CW GTs were run through the 3D-PSSM and mGenTHREADER servers, the galactomannan-specific a(1-6)galactosyltransferase and the XG-specific a(1-6)xylosytransferase were predicted to adopt the GT-B and the GT-A fold, respectively, although both proteins are classified in CAZy family GT34 (Table III) . However, as indicated Table III . Known type II CW GTs and their classification in the CAZy database
The glycosyltransferases listed are all from Arabidopsis. From the top, a(1-6)-D-xylose transferase, transfers D-xylose on to the b(1-4)glucan chains of xyloglucan (Faik et al., 2002) ; a(1-6)-D-galactose transferase, transfers D-galactose on to the b(1-4)mannan backbone of galactomannan (Edwards et al., 1999) ; a(1-2)-L-fucose transferase, transfers the terminal L-fucose on to the galactosyl residue of the xyloglucan sidechain (Perrin et al., 1999) ; Quasimodo, involved in pectin biosynthesis* (Bouton et al., 2002) ; b(1-2)-D-galactose transferase, transfers D-galactose on to the a(1,6)-linked xylose in xyloglucan (Madson et al., 2003) ; b(1-4)-D-glucuronosyl transferase, transfers D-glucuronic acid on to a(1-4)-linked Fucose in RG II (Iwai et al., 2002) by the poor E-values, discrimination between the GT-A and GT-B fold was not feasible. In this respect it should be noted that plants in general synthesize a number of plant-specific CW polymers (not found in any other kingdom). The uniqueness of such structures may be reflected in the structure of the biosynthetic enzymes, and these may thus not be clearly related to GTs of organisms from other kingdoms. None of the quite few characterized plant CW GTs have had their 3D structure resolved. It is in this context that servers like mGenTHREADER and 3D-PSSM, which besides sequence similarity use various parameters such as 3D information (see above) in their prediction strategy, were chosen as validation tools. The prediction ability of the various servers will undoubtedly improve as new plant CW GTs are identified and structurally analyzed. In summary, the filtering process applied here was quite efficient in eliminating evident types of false positives. The pool of 27 accessions may still comprise non-GT accessions and was thus subjected to a post-filtering analysis.
Post-Filtering Evaluation of the 27 Putative GTs
Homologous Sequences within and outside of the Plant Kingdom
The presence of homologous sequences was investigated by subjecting the putative GTs to global protein-protein BLAST (blastp). The majority of the searches (22 out of 27) gave rise to plant-specific or plant-and bacteria-specific hits (Table II) . As e.g. mycobacterial CWs contain plant CW-like polysaccharides, e.g. arabinogalactans (Crick et al., 2001 ), bacterial hits may not contradict function in plant CW synthesis. When the 27 sequences were blasted against the Arabidopsis expressed sequence tag (EST) database, 21 were represented by an EST (Table II) .
Phylogeny
As a consequence of the adopted overall bioinformatics approach used in this study, significant similarity throughout the 27 accessions was not anticipated. Alignment of the 27 putative GTs, however, identified four groups of clustered homologous genes, denominated A, B, C, and D, of which groups B and C (Fig. 2) display a high degree of conservation in stretches of at least 20 to 80 amino acids (data not shown). The rest of the 27 accessions constituted a heterogeneous group with extremely low or insignificant sequence identity.
The genes in group B (Q9C9Q6, Q9C9Q5, Q9FXA7, Q9M146, Q9ZSJ2, and Q9ZSJ0; Table II; Fig. 2 ) fall into two distinct subgroups consisting of highly identical group members (subgroup I: four sequences with 73%, 75%, and 90% identity; subgroup II: two sequences with 72% identity) but with only 11% identity between the two subgroups. The two highly identical accessions (Q9ZSJ2 and Q9ZSJ0; Table II ; Fig. 2B ) are the xylosyltransferases mentioned above. Genes in group C are approximately 550 amino acids long. Aside from the four GTs (accession nos. Q9LZ77, Q9M147, Q9C920, and Q9XEE9 ; Table II; Fig. 2C ), which display significant similarity to CAZy GT-family-1 and CTPGTs, similarity for the rest of the 27 sequences to other GTs with known function (plant or non-plant) was extremely weak or nonexisting.
Prediction of Subcellular Localization
For 24 of the 27 putative GTs, the SignalP server predicted a signal anchor or signal peptide in or close to the TMD (data not shown; Table II ). When the six GTs of group B (Fig. 2) were run through the TargetP server (Krogh et al., 2001 ), a reliable prediction of their subcellular location could not be achieved. Similar results were obtained when the six GTs with known function in CW synthesis (Edwards et al., 1999; Perrin et al., 1999; Bouton et al., 2002; Faik et al., 2002; Iwai et al., 2002; Madson et al., 2003; Table III) were run through these servers (data not shown). Although localization of these CW GTs has not been proven, sufficient evidence exists for Golgi as the place of synthesis of at least the major building blocks of the CW (for review, see Mohnen, 1999) . Thus, the TargetP prediction server is not able to generate a reliable prediction of the localization of the plant CW GTs.
Expression Data
Recently, sets of CW-specific microarray data derived from suspension cultured cells, which had been exposed to the herbicide N-[3-(1-ethyl-1-methylpropyl)-1,2-oxazol-5-yl]-2,6-dimethoxybenzamide (isoxaben), have been made public (see ''Materials and Methods''). Isoxaben specifically inhibits cellulose synthesis (Scheible et al., 2001) , and plants adapted to grow in isoxaben compensate for the almost complete loss of the cellulose-XG load bearing structure by construction of walls made predominantly of pectin (Schedletzky et al., 1990; Encina et al., 2002) . The arrayderived expression data for the accessions Q9C920, Q9LTZ5 (and the highly homologous Q9FM26 not present in the array dataset), and Q9M146, which in this experiment are up-regulated 52%, 483%, and 59%, respectively, might indicate function in pectin biosynthesis. However, the lack of confirmed pectin biosynthetic GTs and expression pattern (spatial and temporal) of each putative GT should be taken into consideration when interpreting the array data.
2002)-or a degeneration of this motif [DE]-X-[DE]
(compare with Tarbouriech et al., 2001 ) surrounded by stretches of hydrophobic amino acids in 19 of the 27 sequences as exemplified in Figure 3 . It should be stressed, however, that the occurrence of a DxD motif alone is not diagnostic of a GT function (Gastinel, 2001; Coutinho et al., 2003) . Parsing of the 27 sequences through the Multiple EM for Motif Elicitation (MEME) version 3.0 server identified the putative sugar-nucleotide-binding DxD motif in both subgroups of group B (Fig. 4) . Genes in group C share common overall features with the group B genes, e.g. varying sequence identity (69%, 35%, and 27%) and a DxD motif flanked by hydrophobic stretches situated approximately in the middle of the proteins (Table II; Fig. 3) .
When run through the Pfam server, for 10 of the accessions a tentative CAZy GT family relationship (GT1, GT2, or GT8) could be assigned although the prediction power (E-value) in most cases was relatively poor (Table II) .
Accessions Q9SAD6, Q9LKU7, Q9T0G0, O23479, Q9C990, and Q9C991 were predicted to contain other domains also with varying prediction power. Of these, a putative DxD motif as defined above could not be identified for the accessions Q9LKU7, Q9T0G0, and O23479, perhaps suggesting that the proposed GT function for at least these accessions should be considered carefully. The Pfam server is based on seed alignments, including also consensus alignment sequences of the various CAZy families. The relatively low number (10) of tentative CAZy GT family relationship assignments may be due to the Pfam/CAZy sequence-based prediction strategies versus the prediction strategies used by the mGenTHREADER and 3D-PSSM servers.
DISCUSSION
In this study, we have identified 27 putative Arabidopsis GTs, which are not classified in the CAZy Figure 3 . HCA analysis showing the DxD motif within a pocket of hydrophobic amino acids. The protein sequences are represented on a duplicated a -helical net, and the clusters of contiguous hydrophobic residues (V, I, L, F, M, W, and Y) are boxed. The actual assessments of the individual HCA plots were done manually in order to identify similarities between the sequences. The one-letter code is used for amino acids except for Gly, Pro, Ser, and Thr, which are represented by symbols. Vertical lines delineate hydrophobic pockets in which the DxD motif (boxed in black) can be found. Three well-known GTs were used in the analysis. A, a(1-4)galactosyltransferase LgtC (Neisseria meningitides, TrEMBL accession no. Q8KHJ3); Persson et al. (2001) . B, b(1-4)galactosyltransferase (Homo sapiens, TrEMBL accession no. Q9UBX8); Amando et al. (1999) . C, Quasimodo-putatively involved in pectin biosynthesis (Arabidopsis, TrEMBL accession no. Q94BZ8); Bouton et al. (2002) and representatives from the 27 putative GTs, containing an identifiable DxD motif within a hydrophobic pocket: D, Q9ZSJ2; E, Q9M146; F, Q9C9Q5; G, A9LTZ5; H, Q9FF50; I, O045498.
database. The 27 accessions have been selected as putative GTs, being typical of Golgi localized type II membrane proteins and characterized using various prediction servers, HCA analysis, and CW-specific array datasets. Recent proof of concept of the strategy used in this study has to some extent been obtained as functions in CW biosynthesis for two GT members of the phylogenetically distinct group B (Fig. 2) were established.
Although the topology of noncellulosic backbone synthesizing enzymes remains an open question, it is tempting to suggest that the enzymes responsible for e.g. the synthesis of the a(1-4)-linked homogalacturonan backbone or the b(1-4)glucan backbone of XG might resemble the multimembrane spanning and processive cellulose synthases, which synthesizes homopolymers with the same linkage type. Enzymatic assays of proteinase-treated intact and detergentdisrupted Golgi vesicles suggest that the catalytic site of the a(1-4)galacturonosyltransferase activity resides in the lumen of the Golgi (Sterling et al., 2001 ). Recently, an Arabidopsis gene, classified within CAZy GT-family-8, was cloned, heterologously expressed, and shown to possess galacturonosyltransferase activity (J. Sterling and D. Mohnen, personal communication). The predicted topology of this enzyme is a typical type II membrane-spanning protein, perhaps suggesting that at least pectin synthesizing enzymes probably are type II membrane-anchored proteins. Current estimates suggest that about 1% of the open reading frames of each genome is dedicated to the task of glycosidic bond synthesis (Coutinho et al., 2003) . When using the 415 CAZy classified Arabidopsis GTs as an estimate of the total number of glycosidic bondforming enzymes, in plant this number is 1.6%, partly due to the existence of the highly complex CW. Based on the number of Arabidopsis genes that are predicted to possess signal peptides, it has been estimated that well over 2,000 genes are likely to participate in biosynthesis, assembly, and modification of CWs during plant development (Carpita et al., 2001) . If soluble enzymes that participate in generation of substrates and the integral membrane-associated biosynthetic CW proteins, such as the cellulose synthase, are included, it has been estimated that some 15% of the Arabidopsis genome is dedicated to CW biogenesis and modification (Carpita et al., 2001) .
CAZy GT-family-1 consists of primarily soluble enzymes with function in secondary metabolism having rather small molecules as acceptor substrates. If the 121 Arabidopsis sequences in GT-family-1 are subtracted from the total 415 sequences, 296 GTs are left for glycosylation of proteins and lipids, synthesis of various polysaccharides, and CW biosynthesis. In Arabidopsis-rich CAZy GT families, such as GT8, GT31, or GT47, alignments of Arabidopsis accessions reveal the existence of highly identical genes within the GT families, which are likely to have identical function but may be differentially expressed. For e.g. pectin synthesis alone, one of the major noncellulosic CW polysaccharides, which comprises the polysaccharides homogalacturonan and rhamnogalacturonan I and II, at least 53 distinct enzymatic activities are required (Mohnen, 1999; Ridley et al., 2001) .
In this study, the use of the most conservative transmembrane span prediction server as the first filter clearly filters out an unknown number of GTs with a weak TMD profile and perhaps also GTs without a TMD, which might interact in complexes with other membrane-bound GTs. A significant number of the Arabidopsis sequences, e.g. in the CAZy database GT-family-47, do not have a predictable TMD domain and are therefore often referred to as soluble enzymes. Of the six noncellulosic plant CW GTs with known function, the XG-specific b(1-2)galactosyltransferase, the putative rhamnogalacturonan II-specific b(1-4)glucuronosyltransferase, and the XG-specific a(1-2)fucosyltransferase are not predicted to possess an N-terminal transmembrane helix when run through the TMHMM 2.0 server used in this study (Table III) . However, when run through the various prediction servers available at the ARAMEMNON site, the three GTs were predicted to contain an N-terminal TMD-like structure by at least one of the programs available at this site. In conclusion, it is unresolved whether some CW GTs are soluble. Reporter gene and or tag fusion experiments may shed some light on this.
CONCLUSION
The CAZy database serves as the most complex and rich source of carbohydrate active enzymes. Classification of GTs in the CAZy database is based primarily on PSI-BLAST searches, using GTs with known function and in some cases proteins for which the 3D structures have been resolved, as the seed . With respect to GTs, it is widely accepted that secondary structure is more conserved than primary sequence. The classification scheme used in the CAZy database may not facilitate the identification of GTs that are only similar at a level higher than the primary sequence level (e.g. the fold level). A drawback of the present alternative approach may be the use of the SUPERFAMILY prediction server, which (as e.g. also Pfam) uses HMMs generated from alignments of proteins, the vast majority being of non-plant origin. We expect that a higher number of candidate GTs will be retrieved when it is possible to screen the entire Arabidopsis proteome for proteins using servers operating at the fold level.
GTs situated in the Golgi apparatus involved in synthesis of the complex Asn-linked glycans of plant glycoproteins may be found among the accessions uncovered in this study. We expect that a significant proportion of plant proteoglycan GTs are homologous to similar enzymes from other eukaryotes due to the structural similarities that exist in these glycans across kingdoms. If this assumption is valid, many of the plant proteoglycan GTs are already in CAZy.
The sequential and parallel use of several prediction servers, albeit with relatively low stringency parameter settings, inclusion of negative and positive controls of the filtering, followed by a post-filtering evaluation warrant that a substantial number of GTs indeed are found within the 27 accessions. It is, however, also clear that e.g. the use of the conservative TMHMM server has as a consequence that relevant GTs have also been eliminated and, hence, that the 27 putative GTs are but a subset of the GTs that remain to be recognized as such.
MATERIALS AND METHODS

The Arabidopsis Proteome
The Arabidopsis proteome in a nonredundant form was downloaded from EMBL (http://www.ebi.ac.uk/proteome/index.html; 08072003), converted to FASTA format, and split into 26,095 individual proteins using the Wisconsinpackage version 10.3 (http://www.biobase.dk/).
TMHMM Version 2.0 Server
Predictions of transmembrane helices were carried out using the TMHMM server version 2.0 (Krogh et al., 2001 ; http://www.cbs.dtu.dk/services/ TMHMM). All predictions were performed using standard settings. The proteome was submitted in subfiles (FASTA file format) containing the max limit of 4,000 proteins per submission. Output format was one text line per protein. The outputs from the entire proteome were collected in a single file for further screening. Proteins containing one or two TMDs starting within the N-terminal first 150 amino acid residues were extracted using the BBEdit program version 6.1.2 for MacOSX. A Unix list file containing the resulting accession numbers was generated, and these accession numbers were then used to extract relevant protein sequences from the original proteome and stored in a FASTA file. This FASTA file was then used in the next filtering process.
Superfamily Version 1.63 Server
The SUPERFAMILY facility (http://supfam.mrc-lmb.cam.ac.uk/SUPER-FAMILY/) implements a searchable library (covering all proteins of known structure) consisting of 1,232 SCOP superfamilies, each of which is represented by a group of HMMs, i.e. SCOP-based single sequence HMMs (Gough et al., 2001) . The post-TMHMM FASTA file was divided into files containing a maximum of 20 proteins. These files were submitted using the following parameters: scoring options, Global/Global model/sequence scoring (for exact domains), BLAST pre-filter P , 1.0 3 10 210 . The output files were collected in one large file and sorted after superfamily domain. Proteins that were classified as belonging to one of the superfamilies listed below were independently collected using a Unix list file with relevant accession numbers, and a FASTA file was generated for each of the five superfamilies used in this study: NDP-sugartransferases, Gal-binding domain-like, UDP-glycosyltransferase/ glycogen phosphorylase, carbohydrate-binding domain, and Rossman fold.
Local CAZy Database
All the Arabidopsis protein accession numbers were collected from the CAZy database (September 10, 2003) . These accessions were then used to generate a Unix list file that served as template for the generation of a FASTA file from the Arabidopsis proteome. The BLAST 2.6.6 program for powerpcMacOSX was downloaded from ftp://ftp.ncbi.nih.gov and a BLASTable database built from the FASTA file as described by the provider.
The five independent FASTA files derived from the superfamily search were blasted against the local CAZy database using the BBEdit program (standard conditions with filtering off). Proteins in the dataset, which were found in the local CAZy database, were discarded.
3D-PSSM Server
Fast Web-based methods for protein fold recognition using 1D and 3D sequence profiles coupled with secondary structure information, i.e. SCOPbased profile HMMs, included the following: 3D-PSSM Web Server version 2.6.0 (http://www.sbg.bio.ic.ac.uk; Kelley et al., 2000) and mGenTHREADER available at the PSIPRED home page (http://bioinf.cs.ucl.ac.uk/psiform. html). All predictions were performed using standard settings. Proteins larger than 800 amino acids were submitted twice either with truncations in the N or the C terminus. The outputs were then collected and screened for known GT PDB IDs. If more than one PDB ID was present in the output from the same file, only the one with the lowest E-value was listed. mGenTHREADER Server mGenTHREADER (Jones, 1999 ; http://bioinf.cs.ucl.ac.uk/psipred/) is a fold recognition server based on fold library profiles that uses the PSI-BLAST profile and predicted secondary structure (PSIPRED). PSIPRED is a secondary structure prediction method, incorporating two feed-forward neural networks, which takes the output obtained from PSI-BLAST as input. mGenTHREADER, accessible from the PSIPRED Protein Structure Prediction Servers home page, was used with the following parameters: prediction method, Fold Recognition (mGenTHREADER); output, default. The outputs were then collected and screened for known PDB IDs of known GTs (compare with Table I ). If more than one PDB ID was present in the output from the same file, only the one with the lowest E-value was listed.
PDB IDs
The PDB IDs that were used for screening the output of both the 3D-PSSM and mGenTHREADER were collected from Wimmerova et al. (2003) , who searched the Mycobacterium tuberculosis genome for GTs using, among other tools, fold recognition and the CAZy database (when the individual CAZy GT family contained more than one PDB ID for the particular protein, only one of the PDB IDs was used). References for the PDB IDs can be retrieved at http:// www.RCSB.org/. All proteins were classified to one of the two secondary fold structures, GT-A or GT-B.
BLAST
As part of the validation process, the proteins were blasted using BLAST algorithms, which were accessible from the server at NCBI (National Center of Biotechnology Information; http://ww.ncbi.nlm.nih.gov). The search included standard protein blast (blastp) and translated blast (tblastn). All searches were performed using standard settings and the BLOSUM 80 matrix. In the case of blastp, any hits, regardless of the e-value/identity, to animal, bacterial, or plant sequences were reported. Presence of ESTs was checked by blastn searches of the Arabidopsis EST database (http://ww.ncbi.nlm.nih. gov).
SignalP Server
The candidate genes were scanned for the presence of signal peptides using the SignalP version 2.0.b2 server (Nielsen et al., 1999) World Wide Web server (http://www.cbs.dtu.dk/services/SignalP), which predicts the presence and location of signal peptide cleavage sites in amino acid sequences using HMM-based predictions (Nielsen et al., 1999) . Predictions were done using the following parameters: organism group, Eukaryotes; method, HMMs; graphics, none; output format, standard. Proteins were truncated after the first 70 amino acids from the N terminus and submitted in a FASTA file format.
